Varied SiN x films have been deposited by low pressure chemical vapor deposition from silane SiH 4 and ammonia NH 3 and the influences of the deposition parameters ͑temperature, total pressure and NH 3 /SiH 4 gaseous ratio͒ on the film deposition rate, refractive index ͑assessed at a 830 nm wavelength͒, stoichiometry and thermomechanical stress are investigated and correlated. Low stress (Ϸ600 MPa) Si 3 N 4 films are obtained for the highest deposition temperature and the lowest total pressure but the gaseous ratio is shown to be the dominant parameter. According to the SiN x stoichiometry, silicon-rich silicon nitride and nitrogen-doped silicon ͑called NIDOS͒ depositions are obtained and compressive to tensile stresses are reported. A maximum in compressive stress is put into evidence for N/Si ratio roughly equal to 0.7 and is related to the cumulated effects of silicon nitridation and crystallization, characterizing the transition between nitrogen-doped silicon and silicon-rich silicon nitride. Finally, by considering stress, deposition rate, nonuniformity along the load and resistance to alkaline solutions, optimal ͑silicon-rich͒ silicon nitride deposition conditions are proposed for microelectromechanical applications.
I. INTRODUCTION
The development of microelectronics has required the advantages brought forth by silicon nitride Si 3 N 4 , i.e., passivation layer, barrier against the diffusion of impurity ions or oxidation mask. 1, 2 These films have been commonly obtained by chemical vapor deposition ͑CVD͒ from dichlorosilane SiH 2 Cl 2 and ammonia NH 3 with an excellent uniformity of film thickness and composition. 3, 4 With the development of microtechnologies, Si 3 N 4 films have also been used as construction material or protective layer against alkaline solution. However, due to their high stress values ͑higher than 1 GPa͒, these films are not particularly well suited to microelectromechanical devices. [5] [6] [7] Stress reduction can be accomplished by decreasing the NH 3 /SiH 2 Cl 2 gaseous ratio and by depositing silicon-rich silicon nitride SiN x but deviations to stoichiometry are difficult to achieve and high nonuniformity of thickness and composition are induced by this way. 8 In this article, we report the deposition of Si 3 N 4 and SiN x films by low pressure chemical vapor deposition ͑LPCVD͒ from silane SiH 4 and ammonia NH 3 in order to obtain low stress ͑silicon-rich͒ silicon nitride films with a good uniformity of thickness and composition on the wafer.
II. EXPERIMENTS
SiN x films were deposited by LPCVD from silane SiH 4 and ammonia NH 3 on 10 cm diameter, ͑111͒ silicon wafers. The different deposition parameters, i.e., the temperature T, the total pressure P and the NH 3 /SiH 4 gaseous ratio R, range respectively from 725 to 775°C, 27 to 54 Pa and 0.2 to 1.6. Film thicknesses and refractive index have been assessed by ellipsometry at a 830 nm wavelength and checked by profilometry. After the removal of the back side deposition by chemical etching into HNO 3 ͑50 cc͒/CH 3 COOH ͑20 cc͒/HF͑1 cc͒ or pure HF for nitrogen-doped silicon and ͑silicon-rich͒ silicon nitride, respectively ͑see hereafter͒, the wafer curvature shift (1/R) has been determined by profilometry and the average stress of the deposited films has been calculated thanks to Stoney's formula:
where E, and D are the Young modulus, the Poisson ratio and the substrate thickness, respectively ͓for silicon ͑111͒, E/(1Ϫ) equals 230 GPa͔, and d is the film thickness ͑as-suming that dӶD͒. The accuracy of the technique has been estimated to be better than Ϯ5%.
III. RESULTS AND DISCUSSION

A. Silicon nitride deposition
Stoichiometric silicon nitride Si 3 N 4 films, i.e., characterized by a refractive index equal to 2.00Ϯ0.01, have been obtained for the highest gaseous ratio (Rϭ1.6). Whatever the total pressure, deposition kinetics follow an Arrhenius law whose activation energy has been estimated to 1.1 eV ͑Fig. 1͒. Residual stresses of silicon nitride films obtained silane from SiH 4 and ammonia NH 3 are tensile, lower than 1000 MPa, and the most relevant parameters are, in decreasing order of importance, the temperature and the total pressure ͑Fig. 2͒. The residual stress decreases with an increase of the temperature or a decrease of the total pressure and low stress (Ϸ600 MPa) Si 3 N 4 films have been obtained for the highest temperature ͑775°C͒ and the lowest total pressure ͑27 Pa͒. Taking into account the stress measurement accua͒ Electronic mail: temple@laas.fr racy, an empirical study of the different results gives a linear relation between the residual stress and the deposition parameters ͑where , P and T are respectively measured in MPa, Pa and°C͒:
The residual stress is the sum of the intrinsic stress i related to the deposition conditions and the thermal stress th caused by differences between the thermal expansion coefficients of the silicon substrate ␣ s and the deposited film ␣ f and between the ambient temperature T a during stress measurement and the deposition temperature T:
where G f ϭE f /(1Ϫ f ) is the film elastic modulus. Although the mechanical properties and the related data of silicon are well known, those of silicon nitride are still being discussed. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Taking into account the varied results of literature, we have chosen mean values for elastic modulus and thermal expansion coefficients: ␣ Si͑111͒ Ϸ2.5
Finally, we obtain th Ϸ0.1T. ͑4͒
From Eqs. ͑1͒ and ͑3͒, an empirical equation is obtained for the intrinsic stress i :
According to these different results, it appears that the thermal stress th is tensile and, taking into account the stress measurement accuracy, can be considered as constant and roughly equal to 75 MPa for the chosen deposition temperature range. Therefore, the main influences of the deposition parameters are related to the intrinsic stress i . According to Noskov et al., in case of Si 3 N 4 films deposited by atmospheric pressure chemical vapor deposition ͑APCVD͒ from silane SiH 4 and ammonia NH 3 , tensile stresses are caused by the hydrogenation during the film deposition and more precisely by the shrinkage of the film caused by the dissociation of Si-H and N-H bonds and the rearrangement of the dangling bonds to stable Si-N bonds. 20 This model seems to be applicable for Si 3 N 4 films deposited by LPCVD from NH 3 /SiH 4 gaseous mixture, since it allows qualitative explanations of the deposition parameters influences. An increase of the deposition temperature is responsible for a lower hydrogen trapping rate: less Si-H and N-H bonds are created during film growth and stress decreases, i.e., the film is less tensile. On the contrary, an increase of the total pressure is responsible for a higher hydrogenation: more Si-H and N-H bonds are trapped by further deposition before dissociating to form Si-N bonds and therefore stress increases, i.e., the film is more tensile.
B. SiN x films deposition
As it has been demonstrated in Sec. III A the main influence on the Si 3 N 4 film residual stress is due to the deposition temperature. In order to limit the number of experiments, the influences of the NH 3 /SiH 4 gaseous ratio have been studied for constant total pressure: Pϭ40.5 Pa and deposition temperature ranging from 725 to 775°C. By this way, varied SiN x films have been obtained and characterized.
In previous works, by applying the theory of heterogeneous media to the mix of amorphous silicon a-Si and silicon nitride Si 3 N 4 , a relation between the N/Si ratio and the refractive index has been evidenced for SiN x films and the transition between two different materials, i.e., nitrogendoped silicon ͑called NIDOS͒ and silicon-rich silicon nitride, has been empirically obtained for N/Si ratio equal to 0.5. 21 In our case, deposition occurs at higher temperature and we have therefore studied in the same way the mix between polysilicon p-Si and silicon nitride Si 3 N 4 . Figure 3 deposition temperature are responsible for a decrease of the N/Si ratio and therefore an increase of the refractive index ͑Fig. 4͒. All in all, refractive indexes ͑assessed at a 830 nm wavelength͒ between 2.0 and 3.5 have been obtained, i.e., ͑silicon-rich͒ silicon nitride and nitrogen-doped silicon have been deposited.
In the same way, the inhibition phenomena are also responsible for variations of the SiN x deposition kinetics: a decrease of the gaseous ratio as well as an increase of the deposition temperature are responsible for an increase of the deposition rate V d ͑Fig. 5͒. A very high deposition rate has been obtained for the highest temperature ͑775°C͒ and the lowest gaseous ratio (Rϭ0.2). This experiment has been repeated several times with always the same results (V d Ϸ90 nm/min). It will be clarified shortly but could be related to the obtaining of nitrogen-doped silicon and, more precisely, to the involvement of reactive chemical species like silylene SiH 2 to the deposition phenomena.
The average stresses of the different SiN x films have also been studied according to the NH 3 /SiH 4 gaseous ratio and deposition temperature ͑Fig. 6͒. Tensile and compressive stresses have been obtained and a maximum in compressive stress is pointed out. The tensile/compressive transition can be explained thanks to Noskov et al. considerations. As the gaseous ratio decreases, the N/Si ratio of the deposited films is also decreasing and silicon-rich silicon nitride is obtained. Less Si-N bonds are formed and stress is less tensile, i.e., decreases from tensile towards compressive values. However, as the gaseous ratio and the N/Si ratio are decreasing, the insulating Si-N structure is gradually replaced by the conductive Si:N structure and nitrogen-doped silicon is finally obtained. The decrease of the gaseous ratio is therefore responsible for the transition from amorphous silicon-rich silicon nitride to amorphous NIDOS and then polycrystalline NIDOS. Since this material behaves like silicon, film stress finally increases from compressive towards tensile values. 23 Therefore, the cumulative effects of silicon nitridation and crystallization are responsible for the maximum in compressive stress characterizing the transition between NIDOS and silicon-rich silicon nitride. Thanks to Eq. ͑7͒, it is possible to estimate the residual stress of SiN x films as a function of the N/Si ratio ͑Fig. 7͒. Whatever the deposition temperature, this transition occurs roughly for N/Si ratio equal to 0.7 in good agreement with other results of literature.
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C. Optimal deposition conditions for microelectromechanical systems "MEMS…
In most LPCVD systems dedicated to silicon nitride deposition, NH 3 /SiH 2 Cl 2 gaseous mixture has been preferred to NH 3 /SiH 4 since it allows the achievement of higher uniformity of thickness and composition. For example, the use of silane SiH 4 is characterized by exhaustion phenomena of the chemical species participating to the deposition. This con- sumption effect leads to variations of film thickness, refractive index and residual stress along the load. Typical results obtained for a 6 wafer load are presented on Fig. 8 Optimal deposition conditions occur for the highest deposition temperature and the lowest total pressure ͑Fig. 1͒. However, other criteria have to be taken into account. First, MEMS realization requires important film thicknesses and high deposition kinetics are therefore appreciated. In our case, the decrease of total pressure is responsible for the obtaining of too low deposition rate. Second, the nonuniformity obtained at 750°C ͑Fig. 8͒ is inadvisable but still reasonable by taking into account the obtaining of low stress values. An increase of deposition temperature is responsible for higher nonuniformity, which can no longer be acceptable.
In order to reduce stress, it seems better to work at intermediate temperature and total pressure and to decrease the NH 3 /SiH 4 gaseous ratio. In this way, silicon-rich silicon nitride can be obtained with a very large stress range: ͓Ϫ200 MPa, ϩ800 MPa͔ ͑Fig. 6͒. However, for gaseous ratio lower than 0.6, the stress slope is very high and a good reproducibility of stress value is difficult to reach. Furthermore, the resistance of SiN x to alkaline solutions like KOH or tetramethylammonium hydroxide ͑TMAH͒ decreases with a decreasing N/Si ratio. The NH 3 /SiH 4 gaseous ratio decrease is therefore inconvenient with anisotropic etching often necessary for MEMS fabrication.
All in all, for deposition temperature and total pressure equal to 750°C and 40.5 Pa, respectively, low stress silicon nitride (V d Ϸ3.2 nm/min, n 830 nm Ϸ2.00, Ϸ775 MPa͒ and lower stress silicon-rich silicon nitride (V d Ϸ5.5 nm/min, n 830 nm Ϸ2.05, Ϸ600 MPa͒ are available without major drawback for gaseous ratio equal to 1.6 and 0.8, respectively.
IV. CONCLUSION
An investigation of the influence of the deposition parameters on the deposition rate, refractive index and residual stress of LPCVD SiN x films deposited from silane SiH 4 and ammonia NH 3 has been done. Low stress silicon nitride Si 3 N 4 films have been obtained and the most relevant parameters were found to be, in decreasing order of importance, the temperature and the total pressure. By changing the NH 3 /SiH 4 gaseous ratio, varied SiN x films, i.e., silicon-rich silicon nitride and nitrogen-doped silicon ͑NIDOS͒, and important stress variations from compressive to tensile values have been evidenced. By applying the theory of heterogeneous media to the mixture of polysilicon and silicon nitride, these phenomena have been related to the influence of the SiN x stoichiometry and more precisely to the competition between silicon nitridation and crystallization during deposition and the transition between silicon-rich silicon nitride and NIDOS has been obtained for xϷ0. 7 .
From all these results, optimal conditions have been pointed out in order to deposit low stress ͑silicon-rich͒ silicon nitride films. They have already been used for the realization of SiO 2 /SiN x membranes for different microelectromechanical devices: microheater, 25 millimetric wave circuits 26 and pressure sensor.
